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On: Sat, 04 May 2019 20:07:03 isolated from the medicinal legume Calliandra grandiflora: Rhizobium calliandrae, Rhizobium mayense and Rhizobium jaguaris (Rincó n- Rosales et al., 2013) .
In a previous study, 271 root nodule bacteria were isolated from Sophora flavescens grown in fields of different regions of China (our unpublished data). Of these isolates, 98 were clustered within the genus Rhizobium based on phylogeny of the housekeeping gene recA (encoding recombinase A), including 45 within two groups showing recA gene sequence similarities lower than 97.4 % to the type strains of recognized species of the genus Rhizobium (our unpublished data). In the present study, five isolates representing these two groups were systematically studied with polyphasic methods to determine their taxonomic positions. The five representative isolates (CCBAU 03386 T , CCBAU 03383 and CCBAU 03468 representing 20 isolates in group I; CCBAU 03470 T and CCBAU 03433 representing 25 isolates in group II) were isolated from root nodules of Sophora flavescens using the standard isolation method and maintained on yeast mannitol agar (YMA) (Somasegaran & Hoben, 1994) at 4 u C or room temperature for shortterm storage (less than 1 month) and in YM broth (Somasegaran & Hoben, 1994) supplemented with 20 % (w/v) glycerol at 280 u C for long-term storage.
Genomic DNA extracted from each of the strains using the method of Terefework et al. (2001) was used as a template for amplification of different DNA fragments. BOX-PCR fingerprinting was used to evaluate the genetic relationships among the five isolates using the BOXAIR primer and the procedure described by Versalovic et al. (1994) . Results of BOX-PCR showed that these five isolates had different fingerprints, although the isolates CCBAU 03383 and CCBAU 03468 displayed very similar fingerprints ( Fig. S1 , available in the online Supplementary Material), demonstrating that the five isolates were independent strains. The partial 16S rRNA gene was amplified with primers P1 and P6 (Chen et al., 1995) and was sequenced bidirectionally using the same primer pair as described by Hurek et al. (1997) . Sequences acquired in this study and reference sequences matched using the SeqWath program in the RDP database (Cole et al., 2009) were aligned using the CLUSTAL W program in the MEGA 5.05 software (Tamura et al., 2011) . Evolutionary distances were calculated according to Kimura's two-parameter model (Kimura, 1980) . Phylogenetic trees were inferred using neighbour-joining (NJ) and maximumlikelihood (ML) analyses. Two novel lineages were identified as members of the genus Rhizobium based upon both the ML (Fig. 1 ) and the NJ (Fig. S2 ) phylogenetic trees of 16S rRNA gene sequences. Strains in group I shared 100 % similarity with each other (Table 1) and formed a cluster together with Rhizobium laguerreae FB206 T , R. indigoferae CCBAU 71042 T and Rhizobium leguminosarum USDA 2370 T (Fig. 1 ). Strains in group II shared 99.2-100 % sequence similarity with each other and formed a group together with Rhizobium etli CFN42 T (Fig. 1) , with which they showed 98.8-99.0 % 16S rRNA gene sequence similarity (Table 1 ).
Sequence comparison of housekeeping genes is regarded as a powerful taxonomic tool for differentiating closely related prokaryotes and for the description of novel species (Martens et al., 2008; Zhang et al., 2012) . In the present study, three housekeeping genes, namely recA, glnII and atpD, were amplified using primer pairs recA41F/ recA640R, glnII12F/glnII689F and atpD255F/atpD782R, respectively (Turner & Young, 2000; Vinuesa et al., 2005a, b) . The PCR products were sequenced directly using the forward primers of the primer pairs and the acquired sequences were compared with those of the reference or type strains. The ML phylogenetic tree (Fig. 2 ) and the NJ phylogenetic tree (Fig. S3 ) of combined sequences of these three genes were reconstructed using MEGA 5.05 software (Tamura et al., 2011) (Table 1) .
DNA-DNA hybridization (DDH) allows genome-wide comparisons between organisms and is a standard technique for the description of novel species (Graham et al., 1991; Hanage et al., 2006; Wilson, 1987) . Strain CCBAU 03386 T , representing group I, showed a mean DDH value of 92.6 % with strain CCBAU 03383 in the same group and less than 57.8 % with the type strains of related species (Table 1) , indicating that it represents a distinct genomic species. Strain CCBAU 03470 T , representing group II, showed a DDH value of 90.1 % with strain CCBAU 03433 in the same group, and less than 42.9 % with the type strains of related species (Table 1 ), suggesting this group as another novel species. The DNA G+C content was determined according to the method of Marmur & Doty (1962) and strains CCBAU 03386 T and CCBAU 03470 T contained 59.2 and 59.4 mol% (T m ), respectively, which were within the range reported for species of the genus Rhizobium (Ramírez- Bahena et al., 2008; Tian et al., 2008) .
For cellular fatty acid analysis, strains CCBAU 03386 T and CCBAU 03470 T were grown on YMA plates at 28 u C and harvested at the late-exponential phase of growth (after approximately 3 days of incubation). Cellular fatty acids were obtained from cells by extraction and methylation according to the MIDI protocol (Sasser, 1990 ) and then were identified and quantified with the MIDI System software (Ver. 6.0, Aerobe RTSBA6 method and RTSBA6 database) (Tighe et al., 2000) . Both strains CCBAU 03386 T and CCBAU 03470 T possessed 16 : 0, 18 : 0, 19 : 0 cyclo v8c, summed feature 8 (18 : 1v7c/18 : 1v6c) and summed feature 2 (12 : 0 aldehyde/unknown 10.928) as major fatty acids ( 2000). However, 20 : 3 v6,9,12c was not detected in all the strains in this study, although it was reported previously in some species of the genus Rhizobium at a concentration of 0.77-2.66 % (Tighe et al., 2000) . Ubiquinone 10 (Q-10) was detected as the major respiratory quinone, using reversed-phase HPLC (Komagata & Suzuki, 1987) , in both strains CCBAU 03386 T (85.4 %) and CCBAU 03470 T (89.3 %).
Phenotypic features of all the novel strains were determined and compared with those of the type strains of the phylogenetically most closely related species of the genus Rhizobium. The following parameters were included for phenotypic characterization: utilization of carbon sources, resistance to antibiotics, ranges of NaCl concentration, temperature and pH for growth, reduction of H 2 O 2 , Nile blue and nitrate, according to the methods described by Gao et al. (1994) . Urease, H 2 S production and the Voges-Proskauer reaction were determined as described by Smibert and Krieg (1994) . Cell size and appearance were visualized using a Hitachi S-3400 scanning electron microscope. Specimens used for scanning electron microscopy were prepared using the following method. Cells in a colony cultured on a YMA plate were picked out and were fixed in 2.5 % glutaraldehyde for more than 2 h. The fixed specimen was washed with 0.1 M phosphate buffer three times, fixed in 1 % osmium tetroxide for 2 h and dehydrated in a graded ethanol series (30, 50, 70, 80, 90 and 100 %; 5-15 min each). Then the specimen was dried in a critical point dryer (Leica EM CPD). After being coated with a thin layer of gold using a sputter coater (Eiko IB-3), the specimen was used for scanning electron microscopy. Cell size and shape of strains CCBAU 03386 T and The phenotypic characteristics that differentiated the two novel species from the type strains of phylogenetically related species are shown in Table S1 and in the species descriptions. Cluster analysis of the phenotypic characters based on Euclidean distance and unweighted pair-group method with arithmetic means (UPGMA) (Fig. S5 ) using R software (R Core Team, 2012) confirmed that the two novel representative strains differed from the type strains of related species.
Symbiosis and the formation of effective nitrogen-fixing nodules on legumes are important features of rhizobia. A cross-nodulation test (Graham et al., 1991) was applied to evaluate the nodulation and nitrogen fixation abilities and host range of the novel groups in this study. Seeds of Phaseolus vulgaris, Medicago sativa, Glycine max, Trifolium repens, Astragalus sinicus and Sophora flavescens were surfacesterilized, germinated and inoculated with strains CCBAU 03386 T and CCBAU 03470 T , respectively, in a Leonard jar assembly with reference to the procedures and methods described by Somasegaran & Hoben (1994) . Effective nodules were observed only on roots of Phaseolus vulgaris and Sophora flavescens. No nodule was formed on roots of the other test plants. Phylogenetic analysis of the nodulation gene nodC using the primer pair nodCF540/nodCR1160 and the amplication procedure of Sarita et al. (2005) showed that the novel strains formed a cluster together with the Phaseolus vulgaris nodulating rhizobia designated symbiovar (sv.) phaseoli (Fig. S6) . The nodulation tests and the phylogenetic relationships based on nodC demonstrated that these novel strains might be microsymbionts for both Sophora flavescens and Phaseolus vulgaris.
Based on the phenotypic and genetic characteristics, we classify the studied strains as representatives of two novel species of the genus Rhizobium, for which the names Rhizobium sophorae sp. nov. and Rhizobium sophoriradicis sp. nov. are proposed.
Description of Rhizobium sophorae sp. nov.
Rhizobium sophorae (so.pho9rae. N.L. fem. n. sophorae of Sophora, the Latin name of the Chinese medicinal herb Sophora flavescens, from the root nodules of which the type strain was isolated).
Gram-reaction-negative, aerobic rods (1.1-1.5 mm60.5-0.6 mm). Colonies are small (2 mm in diameter) and pearlwhite after 3 days of incubation on YMA at 28 u C, which is the optimal growth temperature. The optimum pH for growth is pH 7-7.5. Temperature range for growth is 10-37 u C. Cannot grow on YMA containing more than 1 % (w/v) NaCl. Catalase, oxidase and urease are positive. Hydrolysis of starch and 3-ketolactose, growth in nutrient broth and H 2 S production are negative. Uses L-arabinose, cellobiose, i-erythritol, sucrose, pyruvic acid methyl ester, D-galactonic acid lactone, bromosuccinic acid, urocanic acid, glycerol, xylitol and D-galactose as carbon sources and grows weakly on uridine, L-alaninamide, succinamic acid, D-gluconic acid, maltose, a-D-glucose and D-arabitol as sole carbon source. The major cellular fatty acids are 16 : 0, 19 : 0 cyclo v8c, summed feature 8 (18 : 1v7c/18 : 1v6c) and summed feature 2 (12 : 0 aldehyde/unknown 10.928). Gram-reaction-negative, aerobic rods (~1.45 mm60.55-0.57 mm). Colonies are small (3 mm in diameter) and pearl-white on YMA after 3 days of incubation at 28 u C, which is the optimal growth temperature. Can grow at pH 4.0-10.0 and at ¡37 u C. Does not grow on YMA containing more than 1 % (w/v) NaCl. Catalase, oxidase and urease are positive. Hydrolysis of starch, production of 3-ketolactose, growth in nutrient broth and production of H 2 S are negative. Utilizes L-arabinose, pyruvic acid methyl ester and xylitol, but not glycogen, N-acetyl-D-galactosamine, D-arabitol, cellobiose, i-erythritol, L-fucose, gentiobiose, a-D-glucose, myo-inositol, a-lactose, maltose, Dmannitol, D-mannose, raffinose, methyl b-D-glucoside, Lrhamnose, D-sorbitol, sucrose, trehalose, turanose, succinic acid monomethyl ester, citric acid, D-galactonic acid lactone, D-galacturonic acid, D-gluconic acid, a-hydroxybutyric acid, a-ketoglutaric acid, DL-lactic acid, D-saccharic acid, succinic acid, bromosuccinic acid, succinamic acid, Lalaninamide, D-alanine, L-alanine, L-ornithine, L-serine, Lthreonine, urocanic acid, uridine, D-galactose or glycerol as sole carbon source. Two novel Rhizobium species 
